While investigating the basis for marked natural asymmetries in deoxyribonucleoside triphosphate (dNTP) pools in mammalian cells, we observed that culturing V79 hamster lung cells in a 2% oxygen atmosphere causes 2-3-fold expansions of the dATP, dGTP, and dTTP pools, whereas dCTP declines by a comparable amount. Others have made similar observations and have proposed that, because O 2 is required for formation of the catalytically essential oxygen-bridged iron center in ribonucleotide reductase, dCTP depletion at low oxygen tension results from direct or indirect effects upon ribonucleotide reductase. We have tested the hypothesis that oxygen limitation affects ribonucleotide specificity using recombinant mouse ribonucleotide reductase and an assay that permits simultaneous monitoring of the reduction of all four nucleotide substrates. Preincubation and assay of the enzyme in an anaerobic chamber caused only partial activity loss. Accordingly, we treated the enzyme with hydroxyurea, followed by removal of the hydroxyurea and exposure to atmospheres of varying oxygen content. The activity was totally depleted by hydroxyurea treatment and nearly fully regained by exposure to air. By the criterion of activities regained at different oxygen tensions, we found CDP reduction not to be specifically sensitive to oxygen depletion; however, GDP reduction was specifically sensitive. The basis for the differential response to reactivation by O 2 is not known, but it evidently does not involve varying rates of reactivation of different allosteric forms of the enzyme or altered response to allosteric effectors at reduced oxygen tension.
While investigating the basis for marked natural asymmetries in deoxyribonucleoside triphosphate (dNTP) pools in mammalian cells, we observed that culturing V79 hamster lung cells in a 2% oxygen atmosphere causes 2-3-fold expansions of the dATP, dGTP, and dTTP pools, whereas dCTP declines by a comparable amount. Others have made similar observations and have proposed that, because O 2 is required for formation of the catalytically essential oxygen-bridged iron center in ribonucleotide reductase, dCTP depletion at low oxygen tension results from direct or indirect effects upon ribonucleotide reductase. We have tested the hypothesis that oxygen limitation affects ribonucleotide specificity using recombinant mouse ribonucleotide reductase and an assay that permits simultaneous monitoring of the reduction of all four nucleotide substrates. Preincubation and assay of the enzyme in an anaerobic chamber caused only partial activity loss. Accordingly, we treated the enzyme with hydroxyurea, followed by removal of the hydroxyurea and exposure to atmospheres of varying oxygen content. The activity was totally depleted by hydroxyurea treatment and nearly fully regained by exposure to air. By the criterion of activities regained at different oxygen tensions, we found CDP reduction not to be specifically sensitive to oxygen depletion; however, GDP reduction was specifically sensitive. The basis for the differential response to reactivation by O 2 is not known, but it evidently does not involve varying rates of reactivation of different allosteric forms of the enzyme or altered response to allosteric effectors at reduced oxygen tension.
This investigation arose from our attempts to identify the biochemical basis for a natural asymmetry in the pool sizes of the four deoxyribonucleoside triphosphates (dNTPs) in mammalian cells (1) . In nearly every cell line analyzed, dGTP represents just 5-10% of the sum of the four dNTP pools (dATP ϩ dCTP ϩ dGTP ϩ dTTP).
A possible explanation for this asymmetry came from the discovery that the mutT gene product in Escherichia coli is a nucleoside triphosphatase, with particular activity against an oxidized guanine nucleotide, 8-oxo-dGTP (2) , and that mammalian cells contain a similar enzyme (3) . An 8-oxo-dGMP residue in DNA stimulates mutagenesis via a transversion pathway because of its ready tendency to base pair with dAMP (4). Therefore, the mutT gene product and its homolog are thought to minimize replication errors by eliminating from the cell an oxidized nucleotide, 8-oxo-dGTP, whose incorporation into DNA would otherwise be a strongly mutagenic event.
We hypothesized that turnover of dGTP, via its oxidation and subsequent degradation, might contribute to its underrepresentation in the DNA precursor pool, and we asked whether culturing cells at low oxygen tension, where guanine nucleotide oxidation might be minimized, would cause dGTP to accumulate. However, as detailed below, we found that culturing V79 hamster lung cells in an artificial atmosphere containing 2% oxygen instead of at its natural abundance of 20%, did allow dGTP to accumulate, but so also did dATP and dTTP. Surprisingly, the dCTP pool was diminished under these conditions.
Probst and co-workers (5, 6) have made similar observations in studies on Ehrlich ascites tumor cells, and they proposed that dCTP depletion is the basis for specific inhibition of DNA replication in hypoxic cells. They further hypothesized that the basis for dCTP depletion at low O 2 is a special sensitivity of the reduction of CDP by ribonucleotide reductase (RNR). 1 The type I RNR, which is found in all mammalian systems examined to date, requires O 2 for formation of a catalytically essential diferric iron center and tyrosine radical (7-9). Brischwein et al. (6) proposed that hypoxic conditions somehow affect ribonucleotide reductase activities so that the dCTP pool is specifically lowered, either by a direct or indirect mechanism, and that the dCTP pool size, as proposed earlier (10) , exerts a specific regulatory effect upon the DNA replication machinery.
Because of the role of oxygen in ribonucleotide reductase action, the premise that oxygen limitation acts on DNA replication through ribonucleotide reductase is plausible. However, a direct effect of hypoxia upon rNDP reductase specificity is difficult to reconcile with the concept that the four RNR-catalyzed reactions almost certainly proceed by identical mechanisms. On the other hand, because we have developed a ribonucleotide reductase assay protocol that monitors the four activities of RNR simultaneously in a single reaction mixture (11, 12) , we were in a position to test the hypothesis that oxygen limitation affects rNDP reductase specificity. This paper describes the results of that test.
EXPERIMENTAL PROCEDURES
Cell Culture and dNTP Pool Assays-V79 hamster lung cell cultures were maintained as described previously (13) . For growth under hypoxic conditions, cells were cultured in 80-cm 2 straight neck flasks with sealable airtight caps. After seeding the cells, and each time the flasks were opened, the flasks were flushed for 30 s each with a gas mixture containing 2% O 2 , 5% CO 2 , and 93% N 2 and then capped tightly.
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‡ To whom correspondence should be addressed. Tel.: 541-737-1865; Fax: 541-737-0481; E-mail: mathewsc@ucs.orst.edu. time the measurements were done. Cells were seeded at low density, and 8 h later, aphidicolin was added to a concentration of 3 M. Twelve h later the aphidicolin-containing medium was removed, and the cells were washed and transferred to aphidicolin-free medium. After an additional 9 h, aphidicolin was re-added, also to 3 M, and incubation was continued for another 14 hours. At this time more than 90% of the cells were at the G 1 -S border, as shown by flow cytometry. Again, the cells were washed and transferred to aphidicolin-free medium. After 100 min, flow cytometry showed that 65% of the cells were in S phase, with most of the remainder moving into S. At 120 min, more than 90% of the cells were in S. One hundred min was taken as time zero for collection (over a 60-min interval), extraction, and analysis of dNTP pools by the DNA polymerase-based enzymatic method, as described previously (15) .
Enzymes-For this study we used recombinant mouse ribonucleotide reductase. Cloned cDNAs for the R1 and R2 proteins were kindly provided by Dr. Lars Thelander, Umeå University, Sweden. Induction and purification of the recombinant proteins was carried out as described elsewhere. 2 Ribonucleotide Reductase Four-substrate Assay-Generally the foursubstrate assay was carried out as described previously by our laboratory (11, 12) . For assays carried out in an anaerobic chamber, the reaction mixture (100 l), assembled within the chamber, contained 50 mM HEPES, pH 8.2, 5 mM MgCl 2 , 50 mM dithiothreitol, 20 M Fe(NH 4 ) 2 (SO 4 ) 2 , 1 M mouse R1 protein, 4 M R2 protein, and, unless otherwise indicated, nucleotide substrates and effectors at their estimated physiological concentrations (16): 850 M ADP, 70 M CDP, 160 M GDP, 160 M UDP, 2.5 mM ATP, 60 M dATP, 15 M dGTP, and 50 M dTTP. Unless otherwise indicated, reaction mixtures were incubated at 37°C for 5 min, followed by termination of the reactions and HPLC analysis of the nucleotide contents, as described previously (11, 12) . For experiments involving pretreatment under anaerobic conditions, enzyme subunits were mixed, bubbled gently with argon gas, and incubated in an anaerobic chamber on ice for 20, 40, or 60 min, followed by addition of the remaining reaction components and incubation, also in the anaerobic chamber, at 37°C. Reactions were terminated by addition of 5 l of 50% perchloric acid. Reaction mixtures were passed through a boronate column to remove ribonucleotides, as described previously (11, 12) , followed by ion-exchange high pressure liquid chromatography separation and quantitation of the deoxyribonucleoside diphosphate products.
The pH value used for the assay reactions, 8.2, was based upon our earlier determination of the pH optima for RNRs of vaccinia virus and cultured BSC40 monkey kidney cells (17) . When we ran the foursubstrate assay with the mouse enzyme at pH 7.6, under our quasiphysiological conditions, we found the activity to be decreased by about 25% compared with the activity determined at pH 8.2 and the overall product profile to be substantially the same (data not shown).
RESULTS

Effects of Hypoxia upon dNTP Pools-
The original aim of this investigation was to understand why mammalian cells, which use elaborate control mechanisms to regulate DNA precursor biosynthesis, maintain steady-state dNTP pools that are highly asymmetric (1). In particular, dGTP pools usually represent just 5-10% of the sum of the four dNTPs. The discovery (2, 3) that bacterial and mammalian cells both contain an active nucleoside triphosphatase (the MutT protein in E. coli), with specificity toward an oxidized guanine nucleotide, 8-oxodGTP, presented a possible explanation. If oxidation of dGTP to 8-oxo-dGTP is significant, then oxidation and subsequent breakdown of the dGTP pool could increase its turnover to the extent that it would diminish the steady-state pool of this nucleotide relative to the dATP, dCTP, and dTTP pools. We reasoned that dGTP oxidation and consequent turnover of the dGTP pool might be minimized if cells were grown in a low oxygen atmosphere. Accordingly, we selected V79 hamster lung cells as an appropriate cell culture system and ascertained that they grew well in an artificial atmosphere containing oxygen at 2%, rather than its 20% representation in the natural atmosphere. Because cells not in the S phase of the cell cycle contain substantial dNTP pools, whose turnover is very slow (18) , it was essential that our dNTP pool measurements be carried out in cultures enriched in S phase cells. Accordingly, we treated cells with aphidicolin, which causes them to accumulate at the G 1 -S interface. After release from the aphidicolin block, we followed dNTP pools in cells grown both in air and at 2% oxygen. As shown in Fig. 1 , the results did not conform to the hypothesis. To be sure, the dGTP pool expanded severalfold in the hypoxic culture, relative to the control, but so also did the dATP and dTTP pools. By contrast, the dCTP pool was diminished by 2-fold or more under these conditions.
In considering this result, we must account for the likelihood that dNTP pool alterations were caused by the aphidicolin treatment itself, which does cause dNTP pools in V79 cells to expand. 3 However, our measurements were made some 2 h after release from the aphidicolin block, an interval that should minimize effects of the inhibitor on pools. In addition, we saw essentially the same results when we examined asynchronous hypoxic cell cultures, which had not been exposed to aphidicolin. 4 We are not the first to have observed a specific decline in the dCTP pool in hypoxic mammalian cells. Probst et al. (5) observed a rapid inhibition of DNA replication during transient hypoxia in Ehrlich ascites cells, and Brischwein et al. (6) observed a specific decline in the dCTP pool under these conditions and also a decline in the ribonucleotide reductase free radical content of the cells. Similar results have been noted for cultured human cell lines (19) . O 2 is required for formation of the oxygen-bridged iron center that participates in forming the catalytically essential tyrosine free radical for ribonucleotide reductase (7) (8) (9) . For this reason, Brischwein et al. (6) proposed that hypoxic conditions affect ribonucleotide reductase so as to cause a specific decline in the dCTP pool, either directly, by modifying the specificity of the enzyme for different rNDP substrates, or indirectly, by an unknown mechanism.
The most direct way for hypoxia to affect dNTP pools differently would be through variable sensitivity of its four activities to oxygen limitation. This is not a particularly compelling hypothesis, because the iron center and its associated tyrosine radical are essential for all four reactions; so the most straight-2 K. Chimploy and C. K. Mathews, submitted for publication. forward expectation is that all four activities would be affected equally. However, this model could explain experimental observations, and, moreover, it can be tested in a straightforward manner by the use of our four-substrate assay, in which we monitor the four activities of the enzyme when assayed in atmospheres of varying oxygen content.
rNDP Reductase Activity in Anaerobiosis-For these experiments we used recombinant mouse ribonucleotide reductase, prepared from cloned cDNAs, as described by Thelander and co-workers (20, 21) . Our original intention was to carry out the four-substrate assay at a range of subatmospheric oxygen partial pressures and observe the loss of each individual activity as a function of reduced pO 2 , asking whether CDP reduction was the most sensitive of the four activities. Because rather little is known about the stability of the oxygen-bridged iron center in the mouse enzyme at low pO 2 , we first determined the effect of incubation in an anaerobic atmosphere upon the four rNDP reductase activities. Enzyme solutions were bubbled with argon gas and then placed on ice in an anaerobic chamber. At intervals, samples were removed anaerobically, mixed with other reaction components, and subjected to the four-substrate assay, also anaerobically, with nucleoside diphosphates present at 0.15 mM each and 2.5 mM ATP and 10 M dTTP as the only allosteric effectors. However, preincubation for as long as 60 min failed to inhibit any of the activities by more than 50% (Fig. 2) . In fact, one activity (ADP reduction) was increased after 20 and 40 min of anaerobic incubation. Thus, a different strategy was necessary for measuring enzyme activity loss as a function of reduced pO 2 .
Enzyme Regeneration after Hydroxyurea Treatment-An alternative approach was to destroy the radical with hydroxyurea, then remove the hydroxyurea, regenerate the radical at reduced pO 2 , and then assay its four activities at the same pO 2 . First it was essential to show that no activity was regained when regeneration was carried out anaerobically and that full, or nearly full, activity was regained during regeneration in air. For this experiment, R2 protein was incubated at 37°C in an anaerobic chamber with 1 M hydroxyurea (earlier experiments with lower hydroxyurea concentrations had failed to give complete inactivation under our conditions). After 10 min the hydroxyurea was removed by the use of a Centri-Sep spin column, also in the anaerobic chamber. Hydroxyurea-free R2 protein (4 M) was then added to an assay mixture containing 1 M R1, 50 mM dithiothreitol, 20 M ferrous ammonium sulfate, and nucleotide substrates and effectors at their "physiological" concentrations. Regeneration and enzyme activity were allowed to proceed simultaneously during a 5-min incubation period at 37°C. During this time the reaction mixture was slowly bubbled either with air or with an anaerobic gas mixture (5% H 2 , 5% CO 2 , 90% N 2 ). As shown in Table I , activity was largely regained during regeneration in air, whereas no detectable activity was regained during anaerobic incubation. Thus, the stage was set for examining sensitivity of the four rNDP reductase reactions to lowered pO 2 , by observing regeneration of activity in nitrogen-oxygen mixtures containing subatmospheric proportions of O 2 .
Averaged results of two experiments, depicted in Fig. 3 , showed that one of the four activities of RNR was indeed more sensitive than the others to oxygen limitation but that activity was not CDP reduction, as would be expected from the model being tested, but instead was GDP reduction. At each of the three O 2 abundances tested, 3.0, 1.5, and 0.5%, the GDP reductase activity was the lowest observed, relative to the aerobic control. At 1.5% O 2 , GDP reduction was inhibited 75% relative to the control, whereas the corresponding values for ADP, CDP, and UDP were 46, 35, and 31%, respectively.
One possible explanation for the apparent selective sensitivity of GDP reduction to O 2 limitation is that regeneration of GDP reduction for some reason is slower than for the other four substrates and that our 5-min regeneration/reaction time does not suffice for full reactivation of GDP reductase activity. This seems quite unlikely, because, as shown in Table I , GDP reductase was fully regenerated during a 5-min treatment in air. Actually, regeneration is probably considerably faster; studies on E. coli R2 protein under comparable conditions show complete regeneration of the radical in just a few seconds (7, 9) , and mouse R2 behaves similarly (22) . Therefore, we believe that regeneration is rapid in comparison to the total incubation time. Nevertheless, we performed an experiment in which regeneration was carried out at 1.5% O 2 , with sampling and analysis of the reaction mixtures at 5, 10, and 15 min. As shown in Fig. 4 , there was no evidence for GDP reduction catching up with the other three reactions during longer incubations. The product profile after 15 min of incubation (29% dADP, 36% dCDP, 12% dGDP, 23% dUDP) was similar to that   FIG. 2 . Effect of anaerobic preincubation upon the four activities of ribonucleotide reductase. A solution of R1 and R2 proteins was bubbled gently with argon gas and then placed in an anaerobic chamber on ice for the indicated times, following which the proteins were added to assay mixtures containing rNDP substrates at 0.15 mM each plus ATP at 2.5 mM and dTTP at 10 M. Activities are plotted as percentages of activities determined in assay mixtures that were identical but were not subjected to anaerobic treatment.
TABLE I
Aerobic regeneration of ribonucleotide activities after hydroxyurea treatment Mouse R2 protein was incubated anaerobically with 1 M hydroxyurea. After 10 min at 37°C, the solution was cooled on ice, and then hydroxyurea was removed by the use of a Centri-Sep spin column. The hydroxyurea-free R2 protein was added anaerobically to a regeneration/ assay mixture containing the following components in 100 l and at the indicated final concentrations: 1 M R1, 4 M R2, rNDP substrates and nucleoside triphosphate effectors at their estimated in vivo concentrations, and 20 M ferrous ammonium sulfate. Each reaction mixture was transferred to air and incubated for 5 min at 37°C. Five l of 50% perchloric acid was added to stop each reaction, and this was followed by boronate chromatography and high pressure liquid chromatography quantitation of the deoxyribonucleoside diphosphate products. Results are averaged values from two separate experiments. HU, hydroxyurea; S.D., standard deviation. Variable Effects of Hypoxia on rNDP Reductase Specificityseen after 5 min (18% dADP, 49% dCDP, 8% dGDP, 25% dUDP). Therefore, we believe that regeneration of GDP reductase activity is rapid, but incomplete, during treatment at reduced pO 2 . It was of interest to learn whether different forms of the enzyme, which result from binding of different allosteric effectors in their two sites, respond similarly to oxygen depletion and also whether the low oxygen atmosphere affects enzyme specificity. Accordingly, we carried out an experiment similar to that shown in Fig. 4 . However, in the experiment of Fig. 4 , the regeneration/reaction mixture contained rNDP substrates and nucleoside triphosphate effectors at their physiological concentrations. In the experiment of Fig. 5 , the substrates were also present at physiological concentrations. However, in Fig.  5A , only ATP and dTTP were present as effectors. GDP reduction was activated and considerably higher than the other three activities. In Fig. 5B , ATP and dGTP were present as allosteric effectors. ADP reduction was most active, CDP reduction was less active, and reduction of GDP and UDP was so low as to be nearly undetectable. These results are quite similar to those seen in analysis of the mouse enzyme under normal conditions of the four-substrate assay. 2 Thus, allosteric control of rNDP reductase regenerated at 1.5% O 2 is quite similar to that of the enzyme in air, suggesting that variations in allosteric configurations of the enzyme are not a factor in explaining the differential response of the four RNR activities to oxygen limitation.
DISCUSSION
The principal aim of this investigation was to determine whether the effect of hypoxic conditions upon dNTP pools in mammalian cells results from a direct effect of oxygen limitation upon ribonucleotide reductase, which, in the simplest model, would reduce its relative activity toward CDP and lead to a specific decrease in the dCTP pool. Our results with the four-substrate assay of mouse ribonucleotide reductase contradict this model; we saw no evidence that oxygen limitation affects CDP reduction disproportionately. On the other hand, we were surprised to see a specific diminution of GDP reductase activity at subatmospheric pO 2 . At present we do not know the mechanism of this effect, but we have ruled out a couple of obvious explanations for the phenomenon.
However, the disproportionate inhibition of GDP reductase by oxygen limitation may help to explain natural dNTP pool asymmetries. The dGTP underrepresentation in cultured mammalian cells, which we and others have observed repeatedly (1), is not an artifact of cell culture. Mole et al. (23) observed the same asymmetry in extracts of whole rat embryos. In that study the percentages of the total dNTP pool represented by dATP, dCTP, dGTP, and dTTP were 17, 17, 7, and 42, respectively. Most cells in a multicellular animal sense oxygen at much lower partial pressures than that seen in air, in fact, at values close to those analyzed in our experiments. If the activity of ribonucleotide reductase toward GDP is inhibited by this natural oxygen limitation in vivo, that inhibition could affect steady-state dGTP pools, leading to the apparent underrepresentation of dGTP in most mammalian cells.
Finally, it is worth commenting upon the evident stability of the oxygen-bridged iron center under anaerobic incubation conditions. Sixty min of incubation in an anaerobic chamber, followed by enzyme assay, also under anaerobiosis, led to only partial inhibition of each of the four rNDP reductase activities, with that inhibition being less than 50%. The role of oxygen in forming the diferric iron center and the catalytically essential tyrosine radical is well established (7) (8) (9) , and the overall process can be summarized as follows. The catalytic role of the tyrosine radical involves an electron transport chain that moves an unshared electron some 30 Å, from R2 to the active site in R1 (9) . It seems likely that this electron transport process need not be repeated in every catalytic cycle, and that, once formed, the tyrosine radical need not be regenerated repeatedly by the above process. Because the retention of activity implies that the iron center is retained during anaerobic preincubation, our data suggest that oxygen is not lost from R2 under these conditions and that turnover of the iron center is relatively slow once catalysis begins; otherwise, the lack of oxygen would make it impossible for the iron center and radical to reform, and catalysis would cease. Therefore, our data provide indirect support for the concept that the iron center, once formed under aerobic conditions, is stable during repeated catalytic cycles. As long ago as 1983, Thelander et al. (24) reached a similar conclusion, based upon their studies of the kinetics of anaerobic CDP reduction by mouse RNR previously activated in air. Their data suggested that the enzyme completed about 30 catalytic cycles before losing activity. This value is consistent with our own observations, although our anaerobic incubations were not run long enough to exhaust the activity of the enzyme.
